Peroxiredoxin-6 (PRDX6) is an unusual member of the peroxiredoxin family of antioxidant enzymes that has only one evolutionarily conserved cysteine. It reduces oxidized lipids and ROS by oxidation of the active site cysteine (Cys-47) to a sulfenic acid, but the mechanism for conversion back to a sulfhydryl is not completely understood. Moreover, it has a phospholipase A 2 activity in addition to its peroxidase activity. Interestingly, some biochemical data are inconsistent with a known high-resolution crystal structure of the catalytic intermediate of the protein, and biophysical data indicate the protein undergoes conformational changes that affect enzyme activity. In order to further elucidate the solution structure of this important enzyme, we used chemical cross-linking coupled with high-resolution mass spectrometry (CX-MS), with an emphasis on zero-length cross-links. Distance constraints from high confidence cross-links were used in homology modeling experiments to determine a solution structure of the reduced form of the protein. This structure was further evaluated using chemical cross-links produced by several homo-bifunctional amine-reactive cross-linking reagents, which helped confirm the solution structure. The results show that several regions of the reduced version of human PRDX6 are in a substantially different conformation from that shown for the crystal structure of the peroxidase catalytic intermediate. The differences between these two structures are likely to reflect catalysis-* This work was supported, in whole or in part, by National Institutes of Health grants HL10216 (to A. B. F.), CA10815 (NCI core grant to the Wistar institute), and T32 GM008275 (to R. R. S.).
related conformational changes. These studies also demonstrate that CX-MS using zero-length cross-linking is a powerful strategy for probing protein conformational changes that is complementary to alternative methods such as crystallographic, NMR, and biophysical studies.
Regulation of oxidative stress is an important problem in the maintenance of cellular homeostasis. The presence of reactive oxygen species (ROS) and their by-products can have multiple deleterious effects on cells. The lung is particularly vulnerable to these effects, due to its continual exposure to oxidants via ambient air as well as its extensive capillary networks [1] . Oxidative damage has been notably associated with various disease states in the lung, ranging from acute lung injury (ALI) to chronic obstructive pulmonary disease (COPD) [2, 3] . In order to protect against oxidative injury, eukaryotic cells express a number of anti-oxidative stress proteins. Among these is a family of proteins known as peroxiredoxins. Peroxiredoxins differ from others involved in similar functions by working in conjunction with thiol-containing electron donor molecules, as opposed to using redox cofactors or prosthetic groups [4, 5] . Most peroxiredoxins employ two conserved Cys residues in a disulfide bond as their electron donor group in the presence of a reductant, typically thioredoxin. This is known as a 2-Cys mechanism [4, 5] .
Peroxiredoxin-6 (PRDX6) is a unique case in the peroxiredoxin family. It is a homo-dimeric enzyme found in mammals, particularly mammalian lungs [6] , that features at least two distinct enzymatic activities -the reducing property common to all peroxiredoxins, as well as phospholipase A 2 (PLA 2 ) via a conserved catalytic triad (His-26, Ser-32, Asp-140) [7, 8] , It is also the only peroxiredoxin with the reported ability to reduce phospholipid hydroperoxides [9] . Moreover, PRDX6 does not feature the two canonical Cys residues that are the hallmark of most members of the peroxiredoxin family. Only one cysteine, Cys-47, is conserved across species, and its peroxidase activity is therefore described as a 1-Cys mechanism that involves oxidation of Cys-47 to a sulfenic acid as a peroxidase catalytic intermediate. The enzymatic cycle is completed by reduction of the active site back to a sulfhydryl by glutathione in conjunction with glutathione S-transferase [10, 11] . PRDX6's PLA 2 activity is regulated by phosphorylation of a Thr-177 residue, indicating that activation of the PLA 2 activity involves a conformational change [12, 13] . Both the PLA 2 as well as the phospholipid hydroperoxide activities require conformational specificity in the binding of the enzyme to the phospholipid substrate [14] .
A high-resolution crystal structure for human PRDX6 has been reported (PDB ID: 1PRX), but in order to obtain this structure it was apparently necessary to mutate a non-conserved cysteine (Cys-91) and oxidize the active site cysteine to the sulfenic form [15] . Perhaps because the active site is in the catalytic intermediate state, the crystal structure does not appear to accurately reflect the solution structure of the reduced form of the protein. For example, a recent study showed that Thr-177, which is totally buried in the crystal structure, can be phosphorylated, indicating solvent exposure under conditions that should include the conformation in solution of the protein with Cys-47 in the reduced state [12, 13] . This phosphorylation induces a further conformational change that increases PLA 2 activity and affinity for liposomes. Other biochemical data indicate that the protein undergoes conformational changes that can modulate enzyme activity, such as the conformational change that results in protein activation when binding with glutathione-S-transferase (GST) [11] and the one that occurs upon binding to the phospholipid head group [8] . Considering the substantial conformational flexibility of the protein and importance of conformational changes on both enzyme activities, elucidation of the solution structure of the reduced form of the enzyme is needed.
We combined chemical cross-linking and mass spectrometry (CX-MS) in order to determine distance restraints for testing and refinement of homology models of PRDX6. CX-MS has been shown to be a powerful method to distinguish between alternative predicted conformations of a protein and to refine predicted structures to highly accurate levels when using homology modeling [16] . The utility of this approach has been demonstrated in many studies including recent analyses of diverse macromolecular systems [17] [18] [19] .
Our group has recently optimized the use of cross-linkers with no spacer arms between the cross-link reactive sites (also known as zero-length cross-linkers) because such cross-links define the most stringent distance constraints [20] [21] [22] [23] Typically, these reactions use the zero-length cross-linking reagent 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), which is used in conjunction with sulfo-N-hydroxysuccinimide (sulfo-NHS). Cross-links are formed between carboxylic acids (Asp and Glu side chains and the protein C-terminus) and primary amines (Lys side chains and the protein N-terminus). Because no extra atoms are contributed by the cross-linking reagents, the atoms that contribute to the cross-link need to be within salt bridge distance. [24] Zero-length crosslinked peptides can be especially difficult to identify because incorporation of stable isotope tags into the cross-link, a strategy frequently used with longer cross-linking reagents, is not feasible.
In this study, we probed the solution structure of recombinant PRDX6 using chemical crosslinking combined with mass spectrometry (CX-MS). A substantial number of highconfidence zero-length cross-links clearly indicated differences between the solution structure of the enzyme in its reduced state and the previously reported crystal structure of the catalytic intermediate. The distance constraints defined by these cross-links were used in homology modeling experiments using the MODELLER program [25] to determine the solution structure of the reduced form of PRDX6. Comparison of the solution structure of the reduced form of PRDX6 determined using CX-MS and the crystal structure of the catalytic intermediate provides insights into conformational changes associated with the catalytic activity of this 1-Cys peroxiredoxin.
EXPERIMENTAL METHODS

Expression and Purification of human PRDX6
A plasmid expressing human Prdx6 that had been codon optimized for E coli was purchased from DNA 2.0 (Menlo Park, CA). The codon optimized sequence of human Prdx6 was inserted into the plasmid pJExpress414 between an NdeI site and an XhoI site. The protein was then expressed as described previously [8, 10] . and purified using ion-exchange chromatography, resulting in a homogeneous product as determined by SDS-PAGE [6, 8, 10] ,
Sedimentation Equilibrium
The oligomeric state of human PRDX6 was determined using sedimentation equilibrium in an Optima XLI analytical ultracentrifuge. Immediately before the sedimentation experiment, samples were gel filtered in 20 mM Tris, 130 mM sodium chloride, 0.1 mM EDTA, 5% glycerol pH 7.4 using 2 Superdex75 (GE Healthcare) columns connected in series and maintained at 4°C to remove any aggregates. For each experiment, a minimum of three different initial sample concentrations and two rotor speeds were analyzed. In some cases samples were analyzed at both 4°C and 30°C. Sample volumes of 110 μl were loaded into Epon double sector centerpieces. A water blank scan was acquired immediately prior to sample analysis and was used to correct for window distortion in the fringe displacement data [26] . Fringe displacement data were collected every 4 hours until equilibrium was obtained as determined from comparison of successive scans using the WinMatch v 0.99 program. The blank scan correction was edited using the WinReed v0.999 program. Global data analysis was performed using the WinNonlin v0.99 program. The programs WinMatch, WinReed and WinNonlin are available from the www.rasmb.org website.
Cross-linking Reactions
Cross-linking reactions were performed using previously described methods [20, 22] . Briefly, zero-length cross-linking reactions involving EDC and sulfo-NHS were performed at 0°C and 37°C, with final reagent concentrations of 20 mM and 10 mM, respectively, at 0°C and 2.5 mM and 1.25 mM, respectively, at 37°C. Aliquots of each reaction were removed and quenched at 15, 30, and 60 minutes for reactions performed at 0°C, and 15, 30, 60, and 120 minutes for reactions performed at 37°C. Reactions involving disuccinimidyl glutarate (DSG) and disuccinimidyl suberate (DSS) were performed with a 1:1 ratio of deuterium vs. hydrogen-labeled cross-linkers, specifically DSG-D 6 /H 6 and DSS-D 12 /H 12 , and final reagent concentrations of 0.125 mM for reactions at 37°C and 1 mM for reactions at 0°C. Aliquots of each reaction were quenched at 15, 30, 60, and 120 minutes.
SDS-PAGE and Trypsin Digestion
The SDS-PAGE and trypsin digestion methods have been previously described [21] . Briefly, samples for the reactions described above were run in SDS-PAGE gels and bands of interest were excised and digested with trypsin.
MS Analysis and Identification of Cross-linked Peptides
For identification of zero-length cross-links, the cross-linked and control human PRDX6 tryptic digests were analyzed and cross-linked sites were identified as previously described using an LTQ-Orbitrap XL ™ mass spectrometer (Thermo Scientific, Waltham, MA) [22] . Briefly, cross-linked and control samples were analyzed in parallel using LC-MS/MS and a label-free comparison was used to identify ions specific to the cross-linked samples. Data analysis and cross-linked peptide identification was performed using the ZXMiner program [22] . Cross-links for DSG and DSS were analyzed in a similar fashion using xQuest/ xProphet [27] .
Homology Modeling
The PRDX6 protein sequence and the 1PRX crystal structure were submitted to MODELLER 9v11 [25] to generate and refine human PRDX6 solution structures. All modeling experiments were run as 50-model trials using the "very slow" refinement algorithm and discrete optimized protein energy (DOPE) score as an output. Homology modeling and refinement were performed simultaneously by including known intra-and inter-subunit cross-links as distance restraints between α-carbons imposed at 11.0 +/− 0.1 Å. Each model was subject to 1,000 iterations and 10 optimization repeats. The completed models were then analyzed according to their DOPE score, and the highest-scoring model under this criterion was chosen for further analysis. Molecular graphics were illustrated using Open-Source PyMOL Version 1.3 [28] , which also was used to calculate distances between α-carbons of cross-linked glutamate, aspartate, and lysine. No cross-links were observed involving the N-terminal amine group.
RESULTS
Human PRDX6 is in the reduced state
The recombinant human PRDX6 used in this study was shown to be in the reduced state by MS analysis. That is, neither Cys-47 nor C-91 were significantly oxidized to the sulfenic or higher oxidation states when the reported purification method [13] was used. Oxidation state was assessed by two independent methods. First, LC-MS/MS was used to analyze tryptic digests of representative purified preparations of the protein. Data were analyzed by considering all possible oxidation states of Cys in the database search and all identified forms of Cys-containing peptides were quantitated by integrating peak areas after extracting ion chromatographs for pertinent precursor ions. Potential oxidation was also assessed by analyzing the intact protein by ESI-MS analysis. In all cases, oxidation of the cysteines to sulfenic acid or higher oxidation states was less than 5%, unless the samples were deliberately oxidized or were stored for extended periods of time in solution at 0-4°C.
Human PRDX6 is a high affinity homodimer
Separation of human PRDX6 by HPLC gel filtration showed a single prominent peak with an apparent mass of 45 kDa based upon comparison to a standard curve using globular proteins (Fig. 1A ). This Stokes' radius is within reasonable error of the molecular weight expected of a dimeric PRDX6 protein. The oligomeric state of the recombinant PRDX6 was evaluated by sedimentation equilibrium. These experiments were conducted by parallel analysis of three protein concentrations (0.2 mg/ml, 0.4 mg/ml, and 0.8 mg/ml). After equilibrium was reached, the resulting protein concentration curves were globally fit to various oligomeric models. As shown in Fig. 1B , the data best fit a dimeric model with no evidence of significant monomer, indicating that PRDX6 forms high affinity homodimers in solution with a K d <20 nM.
Zero-length CX-MS indicates that the solution structure diverges significantly from the crystal structure Fig. 2 shows the locations of the peroxidase and PLA 2 active sites in the crystal structure of human PRDX6, which as noted above was prepared using a protein preparation where Cys 91 was mutated to a Ser and Cys-47 was oxidized to a sulfenic acid (PDB ID: 1PRX) [15] . In this structure of the peroxidase catalytic intermediate, the active site residues for PLA 2 activity are on the surface, and the oxidized Cys-47 residue is solvent-accessible at the bottom of a deep hydrophobic cavity. However, Thr177, which can be phosphorylated and modulates PLA 2 activity [12] , is not solvent exposed in this structure. Chemical crosslinking was used to determine whether the solution structure of the reduced form of PRDX6 matched the crystal structure. Zero-length cross-linking was chosen for initial studies because these most precise distance constraints are the most valuable for evaluating and refining protein structures [16] .
The protein was cross-linked at either 0°C or 37°C and reagent concentrations were adjusted to roughly compensate for the increased reaction rate of the higher temperature. Aliquots from each reaction were quenched over a range of time points to monitor for potential conformational distortion that could result from over-cross-linking (Fig. 3) . Moderate yields of cross-linked dimers were observed at longer reaction times, consistent with a high affinity homodimer oligomeric state, as indicated by sedimentation equilibrium. No higher-order oligomers were detected. In addition, cross-linking of standard proteins confirmed that incidental cross-linking of molecules due to random collisions of non-associated molecules was not detectable with the conditions use here. For MS analysis, larger protein loads and multiple lanes of each reaction condition were separated on gels and the monomer and dimer bands across all EDC/NHS reaction time points were excised and digested with trypsin.
Discovery MS analyses were performed by parallel LC-MS/MS analysis of the control sample (uncross-linked) and all timepoints of cross-linked monomer and dimer bands. The LC-MS patterns for the control and cross-linked sample were compared in a label-free mode to identify MS precursor ions unique to the cross-linked sample that were putative crosslinked peptides. Targeted LC-MS/MS was then conducted on the longest timepoint using a list of m/z and retention times for the putative cross-linked precursors. The longest timepoint was used because it was expected to have the highest yield of most cross-linked peptides. This targeted LC-MS/MS reanalysis was used to obtain high resolution, high mass accuracy spectra for both MS1 and MS2.
As part of the cross-link identification process, the final output obtained from the ZXMiner program [22] was examined, and only positively identified cross-links with a quality score (geometric mean or GM) higher than that of the highest-scoring false positive cross-link were considered as high confidence cross-links. Only high confidence cross-links were used in order to ensure that the dataset had a false discovery rate (FDR) of 0%. Finally, any ambiguities between multiple possible cross-linkable sites on identified cross-linked peptide complexes were evaluated using ZXMiner.
PyMOL was used to visualize zero-length cross-links on the crystal structure and determine distances between cross-linked residues. EDC cross-links are formed between amine and carboxyl groups that are within salt bridge distance [24] , and these groups are primarily lysine and aspartate or glutamate side chains. However, α-carbon distances are typically used to evaluate cross-links because locations of protein backbones are better defined and less variable than side chains in either crystal structures, predicted models, or actual structures in solution. Considering side chain lengths and uncertainty of structures, most zero-length cross-links involve residues with α-carbons within 12Å. However, we previously showed that a few cross-links in well-characterized proteins have α-carbon distances up to about 16Å, particularly for cross-links involving coil regions or subunitsubunit linkages [22] . As such, we considered 12Å as the typical α-carbon limit for crosslinked residue distances with an upper limit of 16Å.
High confidence cross-links were assigned as intra-subunit, inter-subunit or ambiguous using several criteria. Cross-links confidently identified in the monomer band were considered to be intra-subunit. Cross-links observed in the dimer band were considered as either intra-subunit or inter-subunit and both distances were calculated. A difference between these two distances of more than 11Å resulted in assignment to the shorter distance possibility. Finally, for all ambiguous assignments, the crystal structure was visually examined using PyMOL for the presence of any major intervening structural elements, such as critical dimer interface contacts or an intervening helix. Using these criteria, at least 12 of 15 high confidence zero-length cross-links could be assigned as either intra-subunit or intersubunit. Surprisingly, 8 of these 12 observed distances were substantially larger than the expected 12Å or 16Å limits (Table 1 ). This indicated that the solution structure of the reduced form of the enzyme deviated substantially from the crystal structure.
Determination of a solution structure for human PRDX6
MODELLER was used to refine the 1PRX crystal structure by imposing α-carbon distance constraints for the 12 unambiguously assigned cross-links. The resulting preliminary model, hereafter referred to as the EDC1 model, was then compared to the crystal structure via a superposition (Fig. 4A) , which showed that most major structural features in the PRDX6 homodimer remained unchanged, with an overall RMSD of 1.4 Å. Moreover, an analysis of the Ramachandran angles using Coot [29] for this model also revealed that over 90% were found in preferred or allowed conformations, reinforcing the validity of the model. The top 5 models generated, as ranked by discrete orbital proximal energy (DOPE) score, were also very similar to one another, indicating convergence on a best model. This model also pinpointed the area of maximum variability between the two structures as involving residues 190-224 (Fig. 4B) , with an RMSD of 2.1 Å. The distances for the crosslinks used as distance restraints were all below the 16Å cutoff point (Fig. 4C) . In addition, the α-carbon distances for the three ambiguous cross-links that were not used in this structural refinement showed smaller inter-chain distances compared with the intra-chain distances in the EDC1 model (Fig. 4D) . This trend coupled with the observation that all three cross-links had impeding intervening structures between their side chains for a putative intra-chain cross-link enabled us to assign them as inter-chain cross-links. However, they remained larger than the expected 16Å cutoff, indicating further refinement was needed.
A second model, hereafter referred to as the EDC2 model, was produced using MODELLER to refine the 1PRX crystal structure by imposing expected α-carbon distance constraints for all 15 EDC cross-links. Similar to the EDC1 model, most major structural features in the PRDX6 homodimer remained unchanged relative to the crystal structure with an overall RMSD of 1.7 Å (Fig. 5A ) and the area of maximum variability between the two structures was residues 190-224 with an RMSD of 2.9 Å (Fig. 5B) . This model was also analyzed via Ramachandran plot and found to have over 90% of its bond angles in allowed or preferred conformations. As before, the top 5 models by DOPE score were also structurally convergent. In this model, all 15 EDC cross-links were now within the 16Å maximum distance (Fig. 5C, 5D ) indicating that all zero-length cross-link data supported this structure.
Independent evaluation of the PRDX6 solution structure using homo-bifunctional crosslinkers
We performed independent CX-MS experiments on human PRDX6 using the homobifunctional cross-linkers DSG (H6/D6 mixture; 7.7 Å linker) and DSS (H12/D12 mixture; 11.4 Å linker) to further evaluate the PRDX6 solution structure (Fig. 3) . As with the EDC experiments, the monomer and cross-linked dimer bands were excised, digested with trypsin, and analyzed by LC-MS/MS. These cross-linked peptides were identified using xQuest/xProphet [27] . The resulting high confidence cross-links (Tables 2 and 3) were mapped onto both the crystal structure and the EDC2 structure (Fig. 6A, 6B ). Due to the lengths of the spacer arms between the reactive groups of these cross-linkers [24] , maximum α-carbon distances of 22Å for DSG and 26Å for DSS were used, consistent with previous studies using these cross-linkers [21] . When the crystal structure was analyzed, 4 of 10 DSG cross-links exceeded the maximum expected distance threshold, further confirming that the solution structure of the reduced protein significantly differed from that of the catalytic intermediate. However, 3 of these 4 cross-links were within expected limits when the EDC2 model was considered. For DSS, which has an even longer spacer arm, none of the crosslinks exceeded the threshold for that cross-linker on any of the structures, indicating the inability of this longer cross-link to distinguish between alternative conformations. The single DSG cross-link (D10) that continued to exceed the expected distance threshold in the EDC2 structure was further evaluated. Interestingly, this cross-link involved Lys204, which is located within the most variable region of the protein as described above. This cross-link (Table 2 ) was also notable because its assignment as an inter-chain or intra-chain cross-link was ambiguous when compared to the 1PRX crystal structure due to α-carbon distances of 30.3Å and 36.3Å for inter-chain and intra-chain interactions, respectively. There also were intervening structural elements for both possible types of cross-link. However, this controversy was resolved when the EDC2 model was examined, as the inter-chain interaction no longer had major intervening structural elements and displayed an α-carbon distance of 26.1Å, as opposed to 42.5Å for the intra-chain interaction.
In order to further explore the impact of the D10 DSG cross-link on the protein structure, we generated a final solution structure using MODELLER to refine the 1PRX crystal structure by imposing expected α-carbon distance constraints for all 15 EDC cross-links plus the D10 distance constraint. All DSG and DSS cross-links were within expected limits in this model (Fig. 6A, 6B ). We then compared the final structure to the crystal structure (Fig. 6C) . As with the above models, overall backbone structure was similar with an RMSD of 1.6 Å and the RMSD of the C-terminal tail (residues 190-224) was 2.4 Å, which indicated that this region was actually slightly closer to the crystal structure than in the EDC2 model. This model was also analyzed via Ramachandran plot, and once again we found that over 90% of its bond angles were in preferred or allowed regions. The top 5 models by DOPE score also converged structurally. The final model was also directly compared to the EDC2 model (Fig.  6D) . As expected, the differences between the EDC2 model and the final solution structure were minor with an overall RMSD of 0.74Å and an RMSD of 1.0 for the C-terminal region. Their distributions of Ramachandran bond angles were quite similar overall.
DISCUSSION
We utilized CX-MS and structural refinement with cross-link distance constraints to determine an experimentally validated solution structure of the reduced form of PRDX6. The final structure fits distance constraints of all high confidence cross-links using reagents with three different cross-link spacer arms (0, 7.7 and 11.4 Å). Consistent with prior studies, the zero-length cross-links were the most useful for identifying conformational differences between the solution structure of the reduced protein and the crystal structure of the catalytic intermediate. In contrast, the longest cross-linker was too imprecise and could not unambiguously identify any discrepancies between the solution structure and the crystal structure. The differences between the solution structure and crystal structure were mostly, but not entirely, located within the C-terminal tail of the protein (residues 190-224). This region is primarily comprised of coil, which probably contributes to its plasticity. However, the fact that all 33 distance constraints can be satisfied by a single structure suggests, but does not prove, that the solution structure of the protein as isolated herein is primarily a single conformation rather than an ensemble of inter-converting structures.
Importantly, significant changes in protein structure are not limited to residues 190-224. Another functionally important change is the solvent accessibility of Thr-177. As noted above, this residue is phosphorylated in response to certain stimuli and increases PLA 2 activity and affinity for liposomes [12] , but it is completely buried in the crystal structure. In contrast, this residue is substantially solvent exposed in our EDC2 model and the final solution structure (Fig. 7) . Taken together, these data suggest that the reduced form, but not the oxidized form of the enzyme, should be capable of being phosphorylated.
We also evaluated whether the conformational differences between the solution and crystal structures correlated with the most flexible regions in the crystal structure. An analysis of the Debye-Waller temperature factors (B-factors) in the crystal structure (Fig. 8A) , shows that residues 92-93 and 121-126 exhibited the highest B-factors. The remainder of the protein had B-factors less than 40, which are indicative of relatively rigid structures. Comparison of residues 92-93 in the crystal structure and the final solution structure show that this coil region is not any more variable than its flanking regions (Fig. 8B) . Residues 121-126 encompass another coil region that also does not exhibit substantially greater variability between structures than other adjacent coil regions. Interestingly, however, this region is significantly more compact in the final solution model compared with the crystal structure (Fig. 8C) . Finally, as noted above, the C-terminal region encompassed by residues 190-224 shows the largest variation between the two structures (Fig. 8D ) but this region does not have high B-factors. Interestingly, an analogous region in 2-Cys peroxiredoxins also exhibits conformational change as part of the catalysis process [4] . However, there is one key difference in that the 2-Cys C-terminal region experiences localized unfolding in response to the breaking of a disulfide bond, whereas the analogous region in PRDX6 becomes more compact. Overall, there does not appear to be a strong correlation between regions of high flexibility in the crystal structure and regions involved in conformational changes associated with transition from the reduced form to the peroxidase catalytic intermediate form of the enzyme. This suggests that these conformational changes play an important role in the catalytic mechanism and do not simply reflect variations in intrinsically mobile regions of the protein. It also suggests that these conformational changes associated with the peroxidase mechanism could help regulate PLA 2 activity. That is, when the enzyme is in the reduced form, but not the catalytic intermediate state, Thr-177 is solvent exposed and can be phosphorylated thereby increasing PLA 2 activity and affinity for liposomes.
This study highlights the advantages of using zero-length cross-linkers for probing fairly subtle but biologically important conformational changes. Zero-length cross-links have been previously shown to be the most useful type of cross-link for refining protein structures and experimentally verifying homology models [16] . However, this approach has been underutilized, due to the increased difficulty of identifying such cross-links. These difficulties are due to the fact that stable isotope tags or other features that aid in mass spectrometry-based identification of cross-linked peptides cannot be exploited with a cross-linker that does not incorporate external atoms into the cross-link bridge. This hurdle has recently been addressed by development of an analysis strategy using label-free LC-MS comparisons, targeted acquisition of high mass accuracy MS/MS spectra of putative cross-links, and development of the ZXMiner software that has been optimized for in-depth identification of zero-length cross-links [22] . The power of this approach for in-depth analysis was previously demonstrated by comparing alternative programs on the same dataset [21] . It is further demonstrated here by the identification of a greater number of high-confidence cross-links EDC (15 unique cross-link sites) when compared to DSG (10 cross-link sites) or DSS (8 cross-link sites). This larger number of zero-length cross-links was identified despite less extensive overall apparent cross-linking relative to the DSG and DSS reactions as indicated by the less extensive formation of covalently linked homodimers on SDS gels (Fig. 3) . More importantly, EDC cross-linking represented the most sensitive test for conformational changes. When observed cross-links were compared to the crystal structure, 8 of 12 EDC cross-links (67%) involved residues that were further apart than the maximum likely distance, whereas only 4 of 10 DSG (40%) and 0 of 8 DSS (0%) cross-links were outside expected maximum distances.
In-depth identification of substoichiometric levels of cross-links is important for structural studies because extensive chemical modification of a protein may perturb its structure. To minimize the risk of this complication, cross-link reaction time courses were always analyzed (Fig. 3) , and evidence of precursor ions corresponding to identified cross-linked complexes was required at the early timepoints as previously described [23] . Also, it is likely that zero-length cross-linking may be less sensitive to over-cross-linking and conformational perturbation because the reaction is reversible and dead end products are typically not formed. In contrast, amine-specific homo-bifunctional cross-linkers like DSG and DSS will readily modify most or all solvent-exposed surface amines, resulting in a large change of net surface charge. In addition, if the second site on the reagent does not react with another amine on the protein, a dead end product is formed. This irreversible reactivity of most exposed amines makes over-reaction and conformational perturbation a substantial concern for such cross-linkers.
In summary, the solution structure of the reduced form of PRDX6 is of particular interest because multiple biochemical studies have identified conformational changes of the protein that are associated with changes in enzyme activity and the only reported high resolution crystal structure is of the peroxidase catalytic intermediate form of the protein [15] . Our development of an experimentally supported solution structure is consistent with multiple biochemical studies that indicate PRDX6 is a protein with substantial plasticity that can affect both known enzyme activities of this protein. It also yields novel insights regarding the nature of the changes that occur during the peroxidase catalysis and the likely interplay between regulation of the two enzyme activities as indicated by the solvent accessibility of Thr-177. The reported structure also provides an important structural reference for this protein, as the reduced form of PRDX6 is much more commonly encountered than the peroxidase catalytic intermediate. These insights combine to give us a greater understanding of this important antioxidant enzyme. Initial Molecular Model of human PRDX6 using EDC Cross-links. (A) Superposition of the crystal structure (blue) and EDC1 model (red) (RMSD: 1.4Å). For simplicity, only the A chain on both dimers is highlighted; both B chains are in gray. Cys-47 is shown in yellow sticks, Cys-91 is shown in orange sticks, and Thr-177 is shown in light green sticks. (B) Close-up of the C-terminal region on chain A, which shows the largest difference relative to the crystal structure (residues 190-224). (C) α-carbon distances between residues identified using EDC cross-links for the crystal structure and EDC1 model. Expected distance cutoffs are 12Å for well-ordered regions (lower black dashed line), and 16Å for disordered regions (upper black dashed line). (D) α-carbon distances between residues with ambiguous assignments as to whether they are inter-chain or intra-chain. (C) α-carbon distances between residues identified using EDC cross-links for the crystal structure and EDC2 model. Expected distance cutoffs are 12Å for well-ordered regions (lower black dashed line), and 16Å for disordered regions (upper black dashed line). (D) α-carbon distances between residues with initially ambiguous assignments as to whether they are inter-chain or intra-chain. Surface Accessibility of Thr-177 in PRDX6 Crystal and Solution Structures. Closeup of protein surface display for Thr-177 (green spheres) in (A) 1PRX crystal structure, and (B) EDC2 solution structure. Table 1 Human PRDX6 cross-links identified using EDC. || Ambiguous cross-links are cross-links that could not be definitively assigned as inter-or intra-molecular; both distances are described in the table entry, separated by a slash. The inter-chain distance is before the slash, and the intra-chain distance is after the slash.
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